INTRODUCTION
The presence of gas in the shallow overburden often results in significant loss of signal strength and frequency bandwidth, thereby obscuring the underlying seismic image. This results in distortions to the phase and amplitude information at the target level and can lead to poor interpretation, errors in amplitude-versus-offset (AVO) analyses, and inaccuracies in inverting to rock properties. As a result, seismic imaging beneath shallow gas needs to be addressed through a multifaceted solution involving advances in acquisition, preprocessing, and depth-imaging strategies. We present a case study located offshore Peninsular Malaysia along an anticlinal structure. These structures trend East-West, and each faulted block is defined by predominantly NorthSouth trending faults probably formed during structural growth of the anticlinal structure. The integrated approach of acquiring and processing broadband data, deriving a high-resolution velocity model with FWI and accounting for the absorption effects with Q tomography, were seen to collectively improve the seismic image at the target level below shallow gas anomalies. The technologies and strategies we present have improved imaging and focusing in areas suffering from shallow gas distortions.
BROADBAND ACQUISTION AND PROCESSING
Achieving additional bandwidth of surface seismic data, particularly at low frequencies, is essential for many exploration and production objectives. Broader-band signals, both on land and offshore, have marked benefits for deeper target imaging and imaging through absorptive overburdens.
In seismic inversion to rock properties, the low frequency content is typically derived from the interpolation and extrapolation of well logs. Extending the surface seismic bandwidth on the low frequency end of the spectrum will reduce the bandwidth of the low frequency required from well data, which may only be representative for a small area around the well but not for the whole survey. The high frequency content can also optimized by incorporating Q imaging in the
SUMMARY
We present a case study offshore Malaysia, shallow gas features in the overburden distort the seismic imaging at the target level. While a multifaceted approach involving a combination of seismic acquisition and processing strategies were used to improve the bandwidth of the seismic data, particularly for the low-frequency content of the seismic image, several distortions still existed at the target level. The prominent structural sag evident at the reservoir level is a typical indication that the overlying shallow gas velocity model needed to be resolved and incorporated into a depth migration algorithm.
To resolve the transversally and laterally variant velocity features in the shallow gas areas, a solution that consisted of full waveform inversion (FWI) and high-resolution reflection traveltime tomography was utilized to produce an accurate compressional velocity model. To further resolve the amplitude and phase distortions at the reservoir level due to shallow gas effects, Q tomography was incorporated into the model building phase to derive a space-variant 1/Qmodel and Q compensation was integrated within depth migration.
The integrated approach of broadband receiver acquisition, data processing strategies and high-end Earth model building has cumulatively improved the imaging of the reservoir below the shallow gas anomalies.
workflow. Apart from having a better input for structural interpretation, it is also vital as an input to simultaneous inversion for lithology and fluid classification. The true amplitude processing workflow is applied to ensure that the AVO response of reservoirs is preserved, thus providing more accurate elastic attributes for better reservoir characterization.
In 2013, a new survey was proposed over the anticlinal structure to provide high-quality broadband seismic data to meet the objectives of improved resolution, both in depth and spatially, improved imaging of small faults and improved imaging underneath a shallow gas anomaly for enhanced target reservoir characterization. The streamer spread consisted of eight 6,300-m cables towed 75 m apart. A constant gradient-slanted variable-depth steamer design was deployed to diversify the ghost notch, thereby enabling the acquisition of broader bandwidth seismic data. This technique involved towing the streamers to depths that varied from 7 m at the front to 28 m at the rear end of the cable.
While a notch divers ity acquisition technique produces seismic data without any receiver ghost notches in the amplitude spectrum, careful processing is still required. An early intervention approach was utilized to perform prestack single-streamer deghosting (SSD) upfront in processing. The SSD process minimizes both the amplitude and phase effects of the receiver ghost on prestack data via a spectral inversion operator (Ozdemir et al., 2008) and allows the cable to be redatumed to a constant depth. This facilitates the application of future processing steps, such as 3D demultiple techniques and velocity analysis, in a conventional time processing flow.
In areas of poor data quality with weak shallow reflections, such as shallow gas, and where significant velocity variations exist or in areas of very shallow water where the fold is low, conventional reflection tomography may struggle to adequately resolve the complexities of the shallow overburden. Because diving waves sample the near surface with more redundancy and with a greater angular range than reflected waves, we can converge on a more robust model using fewer iterations. Diving-wave refraction tomography (DWT) is a robust near-surface model building technique that incorporates information from the refracted first arrivals. It is an iterative process and aims to minimize the differences between the calculated and observed travel times of the first arrivals (Tanis et al., 2006) . To resolve the complexity of the earth model, a comprehensive depth imaging approach was undertaken, incorporating DWT followed by four iterations of reflection common image point (CIP) tomography. 
FULL WAVEFORM INVERSION
An accurate earth model is fundamental to all depth imaging projects. While improvements were seen to the imaging of the anticlinal structure by incorporating refraction DWT and reflection CIP tomography, these techniques are limited to ray-based assumptions for deriving the earth model. To understand the effects of and improvements to model building provided by utilizing the complete wavefield, full waveform inversion (FWI) was subsequently applied. Full waveform
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inversion is an advanced model building technique that incorporates the full two way wave equation and produces an accurate high resolution earth model by simultaneously using the information of travel time, amplitude and phase contained in the full recorded seismic wavefield.
One prerequisite to full waveform inversion is a suitable starting model. In this case study, the starting model was derived from a Gaussian smoothed version of the earth model derived from tomography. The earth model from travel time tomography was constrained by the guidance of a V0-k model, where V0 represents the velocity and k the compaction-driven gradient (Kaufman, H., 1953 ). An analysis of depth trends of the velocity logs on the main structure showed that almost each formation exhibited a distinct velocity trend. The V0-k method provides a way to model those velocity changes in 3D as it captures variability in the velocity trends in the V0 term as well as different gradients through the parameter k. Changes in both parameters are mainly attributed to changes in overpressure on this structure, e.g. at relatively shallow depths of 800-1000 m a subtle velocity inversion occurs that is associated with the onset and gradual build-up of overpressure. Using a horizon-based V0-k model therefore provides a simple and straightforward way to capture important variations in the velocity field and assists in constructing a suitable starting model for earth model building.
The full waveform inversion process utilizes the provided starting model and a two-way wave equation finite difference acoustic wavefield propagator to generate modelled seismic data. These modelled shots are then compared to the acquired (observed) recorded seismic shots. The residuals are backward propagated and cross-correlated with the forward propagated source wavefields to generate a velocity gradient. The velocity gradient is then scaled to derive the optimum velocity update, which is added to the starting model to provide an updated model (see Figure 4) . As with solving any nonlinear inversion problem, it is an iterative process and is repeated as required until the residuals between the modelled shots and the actual observed seismic data are minimized. Iterations proceed from a low frequency range to a higher frequency range using a multiscale approach to minimize the risk of local convergence. Depending on the depth of the target and the earth velocity gradient, first breaks or reflection data or a combination of both can be used to construct an accurate earth model. In this case study, we apply anisotropic full waveform inversion in a time-space domain approach utilizing both early arrivals and reflection events.
The use of FWI has successfully revealed the low velocity anomalies in the shallow overburden, giving rise to a more coherent imaging of the deeper targets. It is evident from Figure 5(a) , by not resolving the low velocity features in the shallow gas overburden through the use of conventional tomography approaches, the anticlinal structure appears asymmetric with sags evident on the right-hand side of the structure. Compared with Figure 5(b) , it can be seen that after FWI, the sags in the migrated image has been better resolved. The use of tomography and full waveform inversion assisted in deriving a high resolution earth model, correcting for the kinematics and delineating the low compressional velocity features of the shallow gas, thereby enabling improved imaging of the deeper targets. The results show better coherency of events and a potential change to the volumetrics of the reservoir.
However, resolving the earth compressional velocity through the use of tomography and full waveform inversion does not compensate for the earth's attenuative effects in shallow gas areas. We present the use of Q tomography and Q imaging to further resolve the attenuative effects of the absorptive overburden and to correct for the amplitude and phase distortions evident below the shallow gas anomaly.
Q TOMOGRAPHY AND Q IMAGING
The presence of gas in the shallow overburden or as a deeper reservoir target often results in significant loss of signal strength and frequency bandwidth, thereby obscuring the underlying seismic image. This results in distortions to the phase and amplitude information at the target level which can lead to poor identification and interpretation, errors in (a) (b)
amplitude versus offset analyses and inaccuracies in inverting to rock properties. The phenomena of seismic waves subjected to these attenuation effects are characterized by the quality factor, Q.
To address the Earth's attenuation effects, a two-step approach was used. The first step is to derive a spatially and temporally variant interval 1/Q model in 3 dimensions. This can be achieved using ray-based reflection tomography techniques (Cavalca et al., 2011; Hu et al., 2011) , also commonly referred to as Q tomography. The Q tomography approach used in this study relies on estimating the attenuated traveltimes from prestack pre-migrated data and tomographically inverting them to derive a 3D 1/Q model. Attenuated traveltimes are derived through analysis of the frequency-dependent amplitude decay of the data. The analysis is carried out on a dense volume of data to maximize resolution.
Once a Q model is derived, it can be used in several ways to compensate for amplitude and phase distortion effects prevalent in the depth migrated image. Two options are a premigration application approach or application within the migration operator itself. We will describe our technique to apply the Q compensation during the depth migration process by incorporating the attenuation effect into the migration operator, known as Q imaging. Q imaging is a technique used to correct for the spatially variant absorption effects by embedding the amplitude and phase corrections within the migration operator. By working in a raypath-consistent fashion, it overcomes the inaccuracies associated with the traditional 1D trace-by-trace applications. This enables the simultaneous correction for amplitude, phase and frequency effects related to seismic absorption. In this study Qcompensation is embedded within a Kirchhoff pre-stack depth migration operator (Q-KPSDM). The final 1/Q model is shown in Figure 6 (b). The result obtained from Q tomography shows geological consistency; low Q values updates (high 1/Q) were seen in high absorptive areas. The variations constructed by Q tomography are consistent with low velocity shallow gas anomalies delineated by full waveform inversion shown in Figure 6 (a).
Improvements were seen in the depth migrated image and gathers after incorporating Q into the imaging step in conjunction with the high resolution compressional velocity model derived from the full waveform inversion workflow. 
CONCLUSIONS
The integrated approach of acquiring broadband data, deriving a high resolution velocity model with FWI and accounting for the absorption effects with Q tomography and Q imaging were seen to collectively improve the seismic image at the target level (Figure 8 ). The workflow presented in this paper has improved imaging and focusing in areas suffering from shallow gas distortions.
